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ABSTRACT: Biological nitrogen fixation (BNF) has global economic and environmental impor-
tance, but has often not been considered in soybean [Glycine max (L.) Merrill] breeding pro-
grams. Knowing the genetic diversity and structure of a population within a germoplasm rep-
resent a key step for breeding programs. This study aimed at determining the structure of the
population and diversity of soybean with regard to BNF and protein content in grain. In total,
191 accessions were evaluated, including 171 commercial soybean cultivars, developed and
released by public institutions and private companies in Brazil, and 20 ancestral lines. The geno-
types were chosen to represent four genetic groups: 128 Brazilian public genotypes, 20 exotic,
and 43 genotypes from private companies. Soybeans were genotyped with 22 SSR markers,
previously described as associated with BNF and protein content. Genetic diversity was evalu-
ated using the DARwin 5.0 software. Population structure was inferred by principal component
analysis and by the STRUCTURE software. The accessions were distributed in two groups: one
clustering approximately 50 % of the accessions, from Brazilian public and private companies;
the other one clustering 45 % of the accessions, including Brazilian, exotic and private germo-
plasms. Some accessions (5 %) were not grouped in any cluster. Principal component analysis
explained 29 % of the total variance and there was a tendency to cluster the accessions into two
groups. Similar results were obtained with the STRUCTURE, clearly showing two subpopulations.
There is variability for BNF and protein content amongst both modern germoplasms cultivated in
Brazil and ancestral lines. This variability could be better explored in soybean breeding programs
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Introduction

A difficulty encountered in soybean [Glycine max
(L.) Merrill] breeding programs is how to increase pro-
tein content without lowering yield (Chung et al., 2003).
An alternative to circumvent this problem is to improve
biological nitrogen fixation (BNF) efficiency, because ni-
trogen (N) is the most limiting nutrient for crop growth
and is directly related to protein content in grains (Hun-
gria et al., 2006; Santos et al., 2013). BNF results from
the symbioses between legumes and nitrogen-fixing soil
bacteria collectively known as rhizobia. Several studies
performed worldwide have demonstrated that the asso-
ciation between soybean and Bradyrhizobium japonicum,
Bradyrhizobium diazoefficiens and Bradyrhizobium elkanii
strains is economically and environmentally important
(Hungria and Mendes, 2014). For example, savings on
N-fertilizer by the replacement of BNF are estimated at
about US$15 billion per season in Brazil (Hungria and
Mendes, 2014). Additionally, benefits can be achieved
in grain protein content, as the N derived from BNF is
preferentially shifted to grains when compared to the N-
fertilizer (Hungria and Neves, 1987; Israel et al., 1985).

Protein content in grains and BNF are quantitative
traits (Nicolas et al., 2006) and the genetics associated
with these traits are poorly understood. BNF has often
been excluded from consideration in plant breeding pro-

to improve these traits.
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grams mainly due to the difficulty of evaluating pheno-
typic traits as nodulation. However, molecular tools may
be used to overcome this evaluation limitation (Semagn
et al., 2010).

Despite the importance of BNF for the soybean
crop, there are few studies about molecular markers as-
sociated with this trait (Hwang et al., 2014; Nicolas et
al., 2006; Santos et al., 2006; Santos et al., 2013; Tanya
et al., 2005). These studies were performed with bi-pa-
rental populations, and many markers are required for
this purpose. For example, Santos et al. (2013) described
quantitative trait loci (QTLs) for nodule number and in-
dividual nodule weight in a population of 157 F, inbred
lines using 97 simple sequence repeat (SSR) markers.
Hwang et al. (2014) used a combination of 664 infor-
mative (SSR and single nucleotide polymorphism - SNP)
markers for soybean root nodulation in 17 F.- and 80
F.- derived RILs.

Most QOTLs related to BNF coincide with QTLs
for protein content (Cregan et al., 1999; Santos et al.,
2006; Santos et al., 2013), but to date, no studies have
addressed simultaneous increases in both traits. Nowa-
days, there is no report about genetic variability in soy-
bean germplasm worldwide regarding BNF and protein
traits. Therefore, there is a need to improve the under-
standing of the genetic bases of these two components.
Considering that Brazil is the second largest producer
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and exporter of soybean (USDA, 2014), understanding
the genetic variability for BNF and protein in Brazilian
germoplasm represents crucial information for plant
breeding programs.

Knowing the structure of the population within a
germplasm collection is essential for understanding and
correctly interpreting the association between functional
and molecular diversity. Population structure refers to
the existence of established subgroups within a whole
population. Furthermore, selecting useful diversity from
an available germplasm collection is critical in order to
effectively conserve and utilize the genes in soybean
breeding programs (Li et al., 2011). In this study, we
aimed at determining the genetic structure and diversity
of soybean in relation to the characteristics of BNF and
protein content in grains.

Materials and Methods

Plant material

A total of 191 accessions was evaluated, includ-
ing 171 commercial cultivars of soybean, developed and
released by public and private institutions in Brazil (pri-
marily selected for disease resistance and yield), and 20
ancestral lines. The genotypes were chosen to represent
four genetic groups, coded as follows: 128 public Brazil-
ian (BR), 20 exotic (E), and from private companies (30
N and 13 ST). Group N comprised cultivars with high

protein concentration in grains, developed mainly for
human consumption. The ST group consisted of germ-
plasm from another private company selected for traits
of disease resistance and yield.

DNA extraction

Seeds from each cultivar were grown under con-
trolled greenhouse conditions. Twelve days after ger-
mination, three young leaves from one plant from each
cultivar were harvested and stored at -80 °C for DNA
extraction (Keim et al., 1988).

SSR markers and polymerase chain reaction

Twenty-two simple-sequence repeat (SSR) mark-
ers were chosen based on previous genotyping studies
(Santos et al., 2006; Santos et al., 2013), which found
association between markers and BNF. They are related
to QTLs controlling protein content in soybean grain,
previously developed and published by Cregan et al.
(1999). The markers cover 13 out of the 20 soybean link-
age groups. The estimated genetic distance (cM) along
with the loci was inferred from the public USDA map
(Song et al., 2004). Primer pairs (RW Genes) are coded
as shown in Table 1.

Amplification of DNA by PCR was performed on
each of the 191 cultivars, using primers for each SSR
locus. Reaction mixtures contained 0.7 units of Tag DNA
polymerase, 1 x reaction buffer [2.5 mM Tris-HCl (pH

Table 1 - Description of the 22 SSR loci with respective linkage groups and position in the soybean genetic map.

SSR locus Linkage Group Position in LG (cM) Core motif Number of alleles Al PIC?
Satt050 Al 46.45 (ATT)13 4 3.09 0.39
Satt385 Al 64.72 (ATT)22 3 2.41 0.50
Satt455 A2 129.9 (ATT)19 - -

Sat_270 Bl 21.99 (AT)29 3 1.74 0.24
Satt251 Bl 36.48 (ATT)15 4 3.11 0.65
Satt5093 Bl 32.51 (ATT)13 3 2.55 0.61
Satt416 B2 56.96 (ATT)30 11 10.60 0.78
Satt180 Cl1 127.9 (ATT)16 6 4,92 0.63
Satt338 Cl1 123.8 (ATA17 6 1.90 0.48
Satt578 Cl1 65.08 (ATT)11 - - -

Satt202 C2 126.2 (ATT)15 2 1.98 0.49
Satt277 c2 107.6 (ATT)40 10 6.91 0.25
Satt357 c2 151.9 (ATT)12 4 3.35 0.59
Satt531 Dla 40.87 (ATT)12 4 2.60 0.34
Satt192 H 44.04 (ATT)32 6 4.54 0.35
Satt239 | 36.94 (ATT)22 4 0.36 0.35
Satt571 | 18.50 (ATT)14 4 3.11 0.62
Satt406 J 38.19 (ATT)31 9 8.75 0.80
Satt567 M 33.47 (ATT)13 2 1.46 0.20
Sat_084 N 36.86 (AT)14 7 4.84 0.45
Satt159 N 27.13 (ATT)30 2 1.70 0.41
Satt478 0 71.10 (ATT)17 7 6.76 0.78
Total 102 - -

Average 5.1 3.85 0.49

'A,: effective number of alleles; 2Polymorphism index content; *The underlined markers were not selected for analysis of population structure by STRUCTURE

software.
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8.3)] 50 mM KCl, 2.5 mM MgCl,, 0.2 pM of each primer,
125 pM of each deoxyribonucleoside triphosphate and
20 ng of DNA sample, in a total volume of 10 pL. The
following PCR program was used on a Veriti 96-well
thermal cycler: 7 min at 95 °C, 29 cycles of 1 min at 95
°C, 1 min at 50 °C, 1 min at 72 °C and final elongation
of 7 min at 72 °C. Amplicons were separated by ver-
tical electrophoresis in 10 % polyacrylamide gels (29:1
acrylamide:bis-acrylamide) immersed in 1 x TAE (0.09
M Tris-acetate; 2 mM EDTA) with a Dcode apparatus (3
h at 300 V). Gels were stained with ethidium bromide
(0.5 pg mL-!), visualized under UV radiation and pho-
tographed with a digital camera and PC software (East-
man Kodak Company). A 1-kb Plus DNA Ladder was
included in each run. Amplified SSR fragments of differ-
ent sizes were considered as different alleles.

Genetic diversity and cluster analysis

All cultivars were treated as pure lines. A small
proportion of heterozygosity was observed, and the fol-
lowing criteria were used to define the working allele, as
suggested by Breseghello and Sorrels (2006): if the two
bands had different intensities, then the strongest band
was scored; if the two bands had similar intensities, then
the more common allele was retained. If neither crite-
rion could be applied, it was considered as missing data.

To quantify the allelic diversity of the polymorphic
SSR markers, the polymorphism information content
(PIC) for each marker was estimated according to the
following formula: 1 - X(P,)?, where P, is the frequency
of the i" allele in the j* population for each SSR locus
(Botstein et al., 1980).

The dissimilarity matrix was used for clustering
of cultivars based on the unweighted neighbor-joining
method, and the analysis was performed using DARwin
5.0 software. We used Jaccard's similarity coefficient
and 70 % as the minimal proportion of valid data re-
quired for each unit pair for cluster analysis.

Population structure

First, the population structure was evaluated by
principal component analysis (PCA), a classical nonpara-
metric linear dimensionality reduction technique (Jol-
liffe, 2002). Analyses were performed with polymorphic
SSR markers (Table 1) using the STATISTICA program,
version 7.0. For visualization, principal components
were plotted in two-dimensional plots.

For structure analysis based on Bayesian infer-
ence, SSR loci with at least 10 cM of distance between
each other were chosen (Pritchard et al., 2000) (Table 1).
The STRUCTURE software (version 2.3.3) (Pritchard et
al., 2000) was used to test the hypothesis for one to five
subpopulations, without admixture and with correlated
allele frequencies (Falush et al., 2003; Pritchard et al.,
2000), a burn-in phase of 100,000 iterations, a sampling
phase of 10,000 replicates and 10 independent runs. To
detect the most probable value of K, the model criterion
chosen was AK, according to Evanno et al. (2005).

Results

The total number of alleles generated by the SSR
loci was 102, ranging between 2 and 12, with an aver-
age of 5.1 alleles per locus (Table 1). Only two mark-
ers (Satt455 and Satt578) did not reveal polymorphism
among the 191 accessions. The average of the effec-
tive number of alleles (A ) was 4.28, ranging from 1.46
(Satt567) to 10.6 (Satt416). The PIC values ranged from
0.2 (Satt567) to 0.8 (Satt406), with an average of 0.48.

The dendrogram generated by the Neighbor-
Joining method showed the genetic relationships of the
accessions (Figure 1). They were clearly separated into
two distinct clusters: one grouping approximately 50 %
of the accessions, including public Brazilian compamies
(BR) and one private company (N) germplasms; the other
one grouping 45 % of the accessions, including Brazilian
(BR), exotic (E) and two private companies (N and ST).
However, some accessions from BR, E, N and ST (5 %)
were not grouped in any cluster.

When the population structure was evaluated us-
ing principal component (PC) analysis, the first two PCs
explained 29 % of the total variance (Figure 2). Based
on Bayesian inference, using the software STRUCTURE
and the AK parameter proposed by Evanno et al. (2005),
we established two subpopulations (K = 2) (Figure 3).
Population structure analysis revealed clearly that the
highest value of AK for the 191 soybean accessions was
K = 2 (Figure 4). Based on K = 2, the Q value of each
classified cultivar was verified for each subpopulation.

Figure 1 - Tree based on the Neighbor Joining method showing
genetic dissimilarity between soybean cultivars, based on SSR
markers. Cultivars representative of the following groups: Brazilian
(BR), exotic (E), private companies (N) and (ST).
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Figure 2 — Two-dimensional plots of the soybean accessions based
on principal component analysis (PCA). Acessions representative of
the following groups: Brazilian (BR), exotic (E), private companies
(N) and (ST).

1600
1400
1200
1000 |

X 800

600 -
400
200 -

1 2 3 4 5
Number of subpopulation (K)

Figure 3 — Estimation of the number of subpopulation (K) calculated
by delta K value (AK), according to Evanno et al. (2005).
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Figure 4 - Bar plot for two subpopulations based on an admixture
model for 191 soybean cultivars, developed and released by public
and private institutions, in Brazil. Each cultivar is represented by
a single vertical line. Subpopulation 1 consisted by 68 cultivars
representative of the Brazilian (BR) group and 27 private (N).
Subpopulation 2 consisted by 60 cultivars representative of the
Brazilian (BR) group, 20 exotic (E) and 3 (N) and 13 (ST) private
companies.
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Total accessions generally had probability exceeding 90
% of the assignment subpopulation. Only 3 % (5 acces-
sions) had probabilities lower than 70 %. Subpopulation
1 was formed by Brazilian (BR) and private company N,
whereas subpopulation 2 was composed of BR, E and ST
accessions and a small percentage of N (2 accessions).

Discussion

Soybean exhibits narrow genetic variability in the
United States (Gizlice et al., 1994) and in Brazil (Abdel-
noor et al., 1995; Hiromoto and Vello, 1986). Large-scale
soybean cultivation in Brazil started in the 1960s, with
few lines coming from the United States. Since then, Bra-
zilian cultivars have been developed by means of crosses
and selection in the resulting progenies (Hiromoto and
Vello, 1986). The frequent crossing of a small number of
cultivars has resulted in reduced genetic diversity. More
recently, there has been an indication of an increase in
the number of ancestors in Brazil (Wysmierski and Vello,
2013).

High levels of polymorphism were revealed in soy-
bean by the use of neutral SSR markers, for both the
number of alleles per locus and gene diversity (Akkaya
etal., 1992; Narvel et al., 2000; Priolli et al., 2002; Priolli
et al., 2010). In this study, using SSR markers and con-
sidering the parameters of BNF and protein content, we
have also observed high variability amongst both mod-
ern germoplasms cultivated in Brazil and ancestral lines.
This variability could be explored in soybean breeding
programs. The SSR loci with both more than five al-
leles and Polymorphism index content (PIC) value over
0.6 would be worthy for genetic structure analysis and
marker assisted selection (MAS) (Dong et al., 2013).

The efficiency of utilization of SSR markers in
studies of genetic diversity has been confirmed thanks to
their co-dominant and multi-allelic nature (Dong et al.,
2013; Hou et al., 2011; Priolli et al., 2002). In this study,
genotyping of 191 Brazilian soybean accessions with SSR
markers allowed for the assessment of the population
structure. PC analysis showed, in two-dimensional plots,
that there was a tendency to cluster the accessions of
soybean into two groups. According to Patterson et al.
(2006), PCA seems like a "black box", whereas STRUC-
TURE and similar methods are based on an interpre-
table population genetics model. PCA largely fell out of
favor with the introduction of the sophisticated cluster-
based program STRUCTURE.

Comparing the distribution of soybean accessions
by both the Neighbor-Joining tree and the analysis by
STRUCTURE software, we have shown two highly con-
sistent subgroups. Most of the accessions were distribut-
ed in either of the two groups or subpopulations, except
for the exotic genotypes, which were mostly restricted to
only one group. The choice of accessions was made ac-
cording to the breeding program of each institution. Bra-
zilian accessions and ST group genotypes were selected
for disease resistance and yield, while group N consisted
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in cultivars with high protein content in grains, devel-
oped mainly for human consumption. Crossing of germ-
plasm from different groups is highly recommended
(Dong et al., 2013). In addition, exchanges of gene pools
could be useful for increasing genetic variability in soy-
bean breeding (Wysmierski and Vello, 2013), being par-
ticularly relevant for the Brazilian germplasm, due to its
narrow genetic basis.

To date, no study has been performed to inves-
tigate genetic diversity or population structure for the
parameters of BNF and protein content in Brazilian cul-
tivars. The great majority of soybean breeding programs
in the country emphasize increased and stable grain
yield and disease resistance (Hiromoto and Vello, 1986).
Therefore, our results could be useful for the selection of
divergent parental genotypes for use in soybean breed-
ing programs and for the development of marker as-
sisted selection aiming to improve the BNF and protein
content of soybean, with high economic and environ-
mental impacts. Finally, SSR analyses showed that there
is variability in BNF and protein content traits amongst
both modern germoplasms cultivated in Brazil and an-
cestral lines. This variability could be better explored in
soybean breeding programs to improve BNF and protein
content.
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